In this paper, the distinctive tones of Thai in running speech are studied. We present rules to synthesize F 0 contours of Thai tones in running speech by using the generative model of F 0 contours. Along with our method, the pitch contours of Thai polysyllabic words, both disyllabic and trisyllabic words, were analyzed. The coarticulation effect of Thai tones in running speech were found. Based on the analysis of the polysyllabic words using this model, rules are derived and applied to synthesize Thai polysyllabic tone sequences. We performed listening tests to evaluate intelligibility of the rules for Thai tones generation. The average intelligibility scores became 98.8%, and 96.6% for disyllabic and trisyllabic words, respectively. From these result, the rule of the tones' generation was shown to be effective. Furthermore, we constructed the connecting rules to synthesize suprasegmental F 0 contours using the trisyllable training rules' parameters. The parameters of the first, the third, and the second syllables were selected and assigned to the initial, the ending, and the remaining syllables in a sentence, respectively. Even such a simple rule, the synthesized phrases/senetences were completely identified in listening tests. The MOSs (Mean Opinion Score) was 3.50 while the original and analysis/synthesis samples were 4.82 and 3.59, respectively.
Introduction
Thai is a tonal language. Words in the same sequences of phonemes may have different meanings if they have different tones. In Thai, there are 5 lexical tones traditionally named: mid (M), low (L), falling (F), high (H) and rising (R). Abramson studied and divided the tones into 2 groups: static tones and dynamic tones (1) - (3) . The former group consists of three tones: the mid, the low, and the high. The latter group consists of two tones: the falling and the rising tones. The mid tone is unique for Thai when compared to Chinese. The average F 0 contours of five Thai tones in isolation is shown in Figure 1 . According to the study by Seresangtakul et al. (4) , the tone command of the high, rising, low, and falling tones are similar to the tones 1, 2, 3, and 4 of Chinese, respectively, from the view point of the generative model of F 0 contour.
The tone is correlated to fundamental frequency (F 0 ) (1) (5) . Early work, Seresangtakul et al. (6) studied and applied a generative model to Thai language. In the study, Thai monosyllabic words were analyzed and the parameters were obtained to synthesize Thai tones in isolation. To synthesize pitch contours of Thai tones, the generative model's parameters are clearly effective in the case of isolated syllables. But in the case of polysyllabic words, it is not clear whether we can simply connect two tones together because there is a phenomenon called coarticulation effect that the speech sound is altered in its phonetic and prosodic manifestation depending on influences by adjacent sounds. Figure 2 shows the comparison of F 0 realization of a Falling-High-Rising-Low tone sequence of the word "mÊE-líaN-lǎan-yùu", when spoken in isolation (top panel) and spoken naturally in running speech (bottom panel). F 0 was extracted by cepstrum method (8) (9) . From the top panel of Figure 2 , we know the F 0 pattern of each tone is similar to the F 0 contour of isolated syllable. But in the case of running speech, the F 0 contour is quite different from those of the isolated one. In continuous speech, speeches of adjacent tones influence each other phonetically. The F 0 contours of tone sequences are affected by tonal assimilation, which changes the tone manifestation of adjacent tone. There are somehow complicated rules in such a coarticulation effect on F 0 contour (7) , and it is difficult to apply these rules as it is on the F 0 contour of tone sequences in continuous speech.
Therefore, we propose to treat such a coarticulation effect as the parameters of the generative model of F 0 contour. By using the generative model, the declining component is represented in terms of phrase command parameters. These parameters are captured by using non-linear curve fitting to fit F 0 contours of the mid tone sequences under hypothesis that the Thai mid tone is neutral comparing to the other tones. The main significance for tones is phrase command. The tonal assimilation is represented in terms of tone commands' parameters. These parameters were gotten by analyzing 25 and 125 Thai words/phrases/sentences that were composed of 2 and 3 tones sequences, respectively. We present tonal coarticulation rules' generation of running speech in terms of averaging tone command parameters over the same tones. These rules were used for our Thai speech synthesis system.
In order to confirm the effectiveness of the rules for Thai tones' generation, we performed listening tests to evaluate both intelligibility and naturalness. Although the rules are simple, the results of the listening tests were satisfactory. This shows that the coarticulation ef- fect is automatically expressed in the generative model of F 0 contour. The generative model has been expected to be effective for connecting F 0 contour. We showed the effectiveness by the listening tests.
Overview of Thai Language
The Thai language consists of 44 consonantal letters which are represented by 21 phonemes. Some consonantal letters can be clustered to produce two different types of sound together as shown in Table 2 (a). There are 24 vowels represented by 18 monophthongs and 6 diphthongs. The list of Thai consonants and vowels are shown in Table 2 (a) and 2(b), respectively. The five Thai tones and examples are shown in Table 1 .
Thai Speech Synthesis System
Thai speech synthesis by rule has been developed using cepstral parameters. In the system, synthetic sound is produced from demisyllable parameters, which are composed of the cepstral parameters, the pitch period Table 2 . Thai letters and phonemes for both consonants and vowels and the voiced/unvoiced parameters. The parameters are prepared by the cepstral method using linear interpolation. The cepstrum (8) (9) is defined as the inverse Fourier transform of the short time logarithmic amplitude spectrum of the speech signal. The cepstrum is separated into high-quefrency and low-quefrency parts by using a cepstral window with liftering. The fundamental period of the speech signal is extracted from the peak at the high-quefrency part. The Fourier spectrum of the low-quefrency part appears as a vocal tract parameter. Voiced and unvoiced sounds are distinguished by using the threshold parameter at the low frequency part. In the synthesis part, the synthetic sound is produced using a Log Magnitude Approximation (LMA) (10) filter as the synthesis filter, for which cepstral coefficients are used to characterize the speech sound. The LMA filter is controlled by cepstrum parameters as vocal tract parameters, and driven by a pitch impulse series for voiced sounds and by white noise for unvoiced sounds. The pitch contour of the speech is controlled by the impulse series of the pitch period.
In the text analysis part, we developed Thai pronunciation dictionary with vocabulary size about 25,000. The input sentence in Thai script is analyzed and transformed to phoneme sequence by using this dictionary. The letter-to-sound rule is developed to handle unregistered words.
In the speech synthesis subsystem, a syllable will be constructed by connecting the corresponding demisyllables. The connection is implemented by interpolating cepstral coefficients at the vowel position. In order to construct a word or sentence, the syllabic units were concatenated by the following rules.
• When the first syllable ends with an unvoiced stop, an 80 [ms] silence interval is inserted between the final part of the first syllable and the initial part of the second syllable.
• When the initial consonant of the second syllable is an unvoiced fricative, the first syllable is directly connected to second syllable.
• When both the final part of the first syllable and the initial part of the second syllable are voiced consonants or vowels, a linear interpolation is performed. For tonal language, the tone is strongly related to fundamental frequency (F 0 ). In this system, the five Thai tones are generated by using the generative model of fundamental frequency contour.
A Model for F 0 Contour Generation
The generative model of F 0 contours (Fujisaki's model) is a mathematical model for a quantitative analysis and linguistic interpretation of the F 0 contour's characteristics (11) . The model generates F 0 contours in the log F 0 domain and was first proposed for Japanese accent and has been successfully applied to many languages such as Chinese, German, and Swedish (11)- (14) . In the original model, the F 0 contour generally contains a smooth rise-fall pattern in the vicinity of the accent components. The F 0 contour is treated as a linear superposition of a global phrase and local accent components on a logarithmic scale. The phrase command produces the base line component while the accent command produces the accent component of an F 0 contour.
For Thai, the model to generate pitch contour will consist of the phrase and tone control mechanisms. Figure 3 shows a block diagram of the generative model for the process of generating the F 0 contour of a sentence. The F 0 realization of local pitch accents in Japanese results only in a rise-fall pattern in the F 0 contour. In contrast for Thai, local F 0 variations due to tones result in a combination of both rise-fall and fall-rise patterns. When the phrase commands are assumed to be impulses, they are applied to the phrase control mechanism to generate the phrase components. Further, the tone commands in both positive and negative polarities are applied to the tone control mechanisms to produce local contours corresponding to the tone components. The F 0 contour can be expressed (11) by the following equation (1) . 
where G pi (t) denotes the impulse response function of the phrase control mechanism and G t,jk (t) denotes the step response function of the tone control mechanism, respectively. The symbols in these equations indicate as follows: F min is the smallest F 0 value in the F 0 contour of interest, A pi and A t,jk are the amplitudes of the i th phrases and of the j th tone command. T 0i is timing of the i th phrase command; T 1jk and T 2jk are the onset and offset of the k th component of the j th tone command. α i and β jk are time constant parameters. I, J, K(j) are the number of phrases, tones, and components of the j th tone contained in the utterance, respectively.
Study on Tonal Contours of Thai Polysyllabic Words
In order to study pitch contour of Thai tones, a Thai speech corpus was created. In the study, 10 native Thai speakers: 3 males and 7 females participated.
Speech Material
In order to create the speech corpus, we prepared 25 words of two-tone sequences and 125 words of three-tone sequences. The 25 sample words were combinations of syllables in the first set: {/niaN/, /nòoN/, /nŴaN/, /nÓON/, /nǑON/} together with syllables in the second set: {/yOO/, /yÈE/, /wâa/, /lÓO/, /lǐi/} (15) . An example of Rising-High tone word is "/nǑON lÓO/". The average durations of disyllabic words in all samples were 0.42 and 0.46 [s] for the first and the second syllable, respectively.
The 125 sample words of 3 tone sequences were combinations of syllables in the first set: {/niaN/, /nòoN/, /nŴaN/, /nÓON/, /nǑON/}, together with syllable in the second set: {/yOO/, /yÈE/, /wâa/, /lÓO/, /lǐi/} and the third set: {/naaN/, /lÒOn/, /lâam/, /náam/, /lǎan/} (16) . All sample words begin with nasal, lateral or semivowel consonants, and the vowels for all 3 syllables were long vowels. The average durations of trisyllabic words in all samples were 0.40, 0.39 and 0.48 [s] for the first, the second and the third syllable, respectively.
In the recording process, the disyllabic and trisyllabic words were uttered by 10 (3 males and 7 females) and 5 (2 males and 3 females) native Thai speakers, respectively. The recordings were done in a soundproof room using digital audiotape (DAT) at a sampling rate of 48 kHz. It was down sampled to 10 kHz. All speakers uttered each word at a normal speech rate. Each word was uttered 3 times. The best unit out of three, which has clear tone and sound, was chosen to analyze and get the F 0 contour using the analysis system. The duration of each segment in a word was segmented manually by considering the spectrogram, F 0 contour and waveform.
Method
Based on the idea that F 0 contour is significant in tone information, the typical F 0 contours were gotten by averaging F 0 contours of the same sequence of all speakers. Since duration and pitch range between male and female are different, to get the average F 0 patterns, normalization processes were performed as follows: First, time normalization was done. The duration of each F 0 contour was obtained by time ratio in percentage of syllable duration across all corresponding syllables in all tone sequences. The normalization was performed syllable-by-syllable after detecting the border between syllables manually. The normalization durations were set to the average duration values. Next, frequency normalization was done. To avoid the difference in pitch range among the speakers, the fundamental frequency in Hertz scale (F 0i ) was transformed to Zscore (Z i ) in logarithmic F 0 (17) (18) , which is a function of mean (F 0 ) and standard deviation (SD) as shown in the equation (2) .
Next, we averaged the F 0 contours of all speakers in Z-score. Finally, the average F 0 contour in Z scale was transformed to Hertz scale by referring to the mean and the standard deviation of the speaker, whose voices were analyzed and used in the Thai speech synthesis system.
In this work, we model the F 0 contours of Thai tones by using the generative model of F 0 contours. Therefore, to get the model's parameters for Thai polysyllabic words, a curve fitting method was used to fit the average pitch contours by minimizing the least square error between the average F 0 contour and that of the model on logarithmic scale. Since the model is based on superposition between phrase and tone components, the phrase component parameters was gotten separately from the tone component parameters.
The fitting process was done under two conditions:(1) We hypothesized that the mid tone is neutral and the most significant component is the phrase component. (2) There is no overlap between two tone commands. The condition (1) is Thai specific because the mid tone exists in Thai but not in Chinese. Therefore, to get the model's parameters, we used non-linear least square fitting to get the phrase parameters of the mid tone sequence and set them as the phrase commands of the other patterns to get the tone commands' parameters. The initial parameters of a tone can be externally set. The fitting was processed from left to right, and tone by tone. The following tone commands will not effect the preceding tone commands (15) . The minimized mean square error is obtained through the steepest descent method (19) (20) .
Result and Discussion
Both phrase and tone component parameters were gotten by using nonlinear least square fitting. Table 3 and Table 4 show the tone component parameters for disyllabic and trisyllabic words, respectively. The values in parentheses show the SD for each parameter. The beginning times of these commands are found, in case of the phrase commands of both disyllabic and trisyllabic words, approximately 200 [ms] before the onset of an utterance. Alpha is approximately 2.9. Beta values are 9.5 and 11.5 for the high and the other tones (the mid, low, falling and rising tones), respectively. These are the same values as that of monosyllabic words (4) . This result suggests that alpha and beta parameters are stable and independent from linguistic conditions, monosyllabic or polysyllabic.
The values of the parameters vary little (see SD), and the shape of F 0 contour at each main position of tone are very similar. Therefore, to reduce the number of rules to synthesize the F 0 contours of disyllabic and trisyllabic words, the parameters were grouped and averaged by tone at each position. That means, there are 10 groups (5 preceding and 5 following tones) for disyllabic sequence, and 15 groups (5 preceding, 5 middle, and 5 following tones) for trisyllabic tone sequences. This reducing method is very simple. And it is not clear whether this method is sufficient against the coarticulation of tones. We need listening tests to make it clear.
Listening Test

Speech Material
In order to evaluate the intelligibility of the model of Thai polysyllabic tones, listening tests were performed. We prepared 5 datasets. The first 4 datasets were composed of all 25 combinations of 2 Thai tone sequences that were generated from the same spectrum of the phonemes /maa maa/, /nOON yEE/, /naa lOO/, and /k h aa law/, respectively. More than 70% of the words in the first dataset are nonsense words and 50%, 80%, and 80% of the words in the second, the third, and the fourth datasets are actual words. The fifth dataset composed of 125 trisyllabic words of 3 Thai tone sequences, of which 65% are actual words. These words were synthesized from the same spectrum of the word /nOON lOO laam/. The F 0 contours of the first 4 datasets and the fifth dataset were generated from the parameters in Table 3 and Table 4 , respectively. The spectrum parameter of the mid-mid sequence is used for all 25 combinations. The time onset and offset of the tone commands were adjusted as the following expression (3).
where (4).
where T i,jk are model's time onset or offset shown in Table 3 and Table 4 . Considering the tonal contours of tone sequences we analyzed, we see there is significant interaction between tones on the mean of F 0 of the target tones. The results showed that the tonal coarticulation effect is asymmetric. The tones are more significantly influenced by a perseverative than by an anticipatory coarticulation effect. These result agree with the previous study of tonal coarticulation by Gandour et al. (7) . On the other hand, the synthetic tonal contour generated by our rules shown in Figure 4 shows only a perseverative coarticulation effect, whereas an anticipatory coarticulation effect did not appear. Eventhough the generated tonal contours consist of only stronger coarticulation, but the recognition rate is very high. We show it in the next section.
Listening Test and Result
In the experiment, six native Thai listeners participated in the listening test. All listeners have normal hearing ability and most of them are not familiar with synthetic sounds. Five datasets were presented to the listeners and the tests were done for each dataset. The experiment was done in a soundproof room. The listener listened with headphones. Each word was played 2 times with 2-second intervals, which is sufficient for listeners to choose a Thai script word that corresponds to the sound that they heard. A summary of the average intelligibility scores (perception rates by human), calculated after removing the score of the listeners with maximum and minimum error values, is shown in Table 5 .
The results show that for the proposed method, the average intelligibility rates are 98.8% and 96.6% for disyllabic words (A), (B), (C), (D) and trisyllabic words (E), respectively. We found that all errors came from nonsense words. For the disyllabic words the average intelligibility scores are 98.3% and 99.3% for datasets composed of mostly nonsense disyllabic words (A)(B), and mostly actual disyllabic words(C)(D), respectively. We can see that the higher the ratio of actual words, the higher the intelligibility score. As a result, the generative model of F 0 contours for Thai polysyllabic words was shown to be effective even using the simple model of coarticulation.
Even though the generated tonal contours consist only strong coarticulation, but the recognition rate was very high. The apparent implication of these results is that for the listeners the weak coarticulation did not play so much important role in connected speech.
Suprasegmental F 0 Contour Generation
In Thai tones, Potisuk et al. (16) showed that coarticulation effect restricted to continuous tones. In this experiment, we assume the interaction between adjacent tones in continuous speech should be the same patterns. In order to synthesize the F 0 contour of phrases and short sentences, the trisyllabic words' parameters were applied by the following rules: The starting, the ending and the other remaining syllables in a sentence were assigned from the first, the third, and the second parameters of the trisyllabic word's parameters shown in Table 4 . The original spectrum parameters were used for each synthetic sequence. In order to evaluate the intelligibility and naturalness of the pitch contour of the suprasegmental level, listening tests were performed. In the listening tests, we synthesized 6 phrases/senetences shown in table 6. Six native Thai speakers participated in the listening test. In the first test, all listeners listened to the phrases/sentences and wrote what they heard in Thai script. The result showed that all answered correctly. Therefore, the second test was performed to evaluate the naturalness of the synthesized speech.
In the second test, we prepared 4 datasets by the following methods: (1) original sound, (2)analysis/synthesis, (3)the sound with original spectrum and F 0 contour generated by the generative model, (4) sound synthesized by rules with the generative model. In the listening tests which was performed twice for each participant, all sentences were randomly presented to 6 native Thai speakers 2 times.
The listeners were asked to answer the judgement score on a 5 point scale (5-excellent, 4-Good, 3-Fair, 2-Poor, and 1-Bad) by considering the naturalness aspect. The MOS (Mean Opinions Score) became 4.82, 3.59, 3.50, and 2.29 for the above (1), (2), (3), and (4), respectively. The result showed that the rules for tonal assimilation of the propose method (3) was shown to be effective.
Conclusion
In this paper, we studied pitch contours of Thai polysyllabic words and applied the generative model of F 0 contours for tonal languages to synthesize the F 0 contours of Thai tones. Based on the analysis of Thai polysyllabic words using this model, the phrase and tone commands' parameters for 25 of 2 tone sequences and 125 patterns of 3 Thai tone sequences were gotten. In continuous speech, tones are affected by tonal assimilation and declination. By using the generative model to synthesize F 0 of Thai tones sequences, these linguistic factors were expressed in terms of the generative model's parameters. The declination effect is represented in terms of phrase command parameters, which is gotten by using nonlinear curve fitting to fit F 0 contour of the mid tone sequences under the hypothesis that mid tone is neutral comparing to the other tones and the most significant component is phrase command. The tonal assimilation is represented in terms of the tone commands amplitude and time onset/offset. In terms of averaging the parameters of the same tones at the same position, 10 and 15 groups of the parameters were derived to synthesize Thai disyllabic and trisyllabic words, respectively.
To show the intelligibility of the rules for synthesizing Thai polysyllabic words, listening tests were performed. The results showed that for the proposed method, the average intelligibility rates were 98.8% and 96.6% for disyllabic and trisyllabic words, respectively. All errors came from the nonsense words of the test data.
Furthermore, we derived rules to synthesize pitch contour in the suprasegmental level (phrase or sentence). The listening tests were performed to evaluate intelligibility and naturalness of synthesized speech by the proposed method. All phrases/sentences were completely identified and the enough quality of the model was shown. The MOS of the proposed method was 3.50 compared to the original sound and analysis/synthesis sound, which were 4.82 and 3.59, respectively. These results showed that the rules for tonal assimilation using the generative model of F 0 contours in connected speech was shown to be effective.
As the future work, in order to improve naturalness of the system, we need to do further study on duration, especially in the case of short and long vowels, and also stress and intonation.
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